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Figure 6b
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tride Compounds, Methods of Preparation, and Uses
Thereol”, filed with the United States Patent and Trademark
Oflice on Dec. 20, 2002, and assigned Ser. No. 10/324,482,
U.S. Pat. No. 7,071,139, which claims priority to Copendlng
U.S. Provisional Apphcatlon entitled, “Generation of TiO,,__
N_ Photocatalysts from the Solution Phase Nitration of
T10,”, filed with the United States Patent and Trademark
Oflice on Dec. 21, 2001, and assigned Ser. No. 60/342,947,

both of which are entirely incorporated herein by reference.
In addition, this application claims priority to and i1s a
continuation-in-part of U.S. Utility Patent Application
entitled, “Oxynitride Compounds, Methods of Preparation,
and Uses Thereof”, filed with the United States Patent and
Trademark Office on Mar. 9, 2006, and assigned Ser. No.
11/371,788, U.S. Pat. No. 7,186,392, which claims priority

to and 1s a divisional application of U.S. Utility Patent
Application entitled, “Oxynitride Compounds, Methods of
Preparation, and Uses Thereol”, filed with the Umted States
Patent and Trademark Office on Dec. 20, 2002, and assigned
Ser. No. 10/324,482, U.S. Pat. No. 7,071,139, which claims
priority to copending U.S. Provisional Application entitled,
“Generation of Ti0O,_N_ Photocatalysts from the Solution
Phase Nitration of T10,”, filed with the United States Patent
and Trademark Oflice on Dec. 21, 2001, and assigned Ser.
No. 60/342,947, all of which are entirely incorporated herein

by reference

TECHNICAL FIELD

The present disclosure 1s generally related to oxide com-
pounds and, more particularly, 1s related to oxynitride com-
pounds and methods of preparation thereof.

BACKGROUND

The mitial observation of the photoinduced decomposi-
tion of water on titammum dioxide (T10,) has promoted
considerable interest in solar cells and the semiconductor-
based photocatalytic decomposition of water and of other
organic materials i polluted water and air. A continued
focus on 110, has resulted because of 1ts relatively high
reactivity and chemical stability under ultraviolet excitation
(wavelength <387 nanometers), where this energy exceeds
the bandgaps of both anatase (3.2 eV) and rutile (3.0 eV)
crystalline n-T10,,.

However, both anatase and rutile T10, crystals are poor
absorbers 1n the visible region (wavelength <380 nm), and
the cost and accessibility of ultraviolet photons make it
desirable to develop photocatalysts that are highly reactive
under visible light excitation, utilizing the solar spectrum or
even 1nterior room lighting.
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With this focus, several attempts have been made to lower
the bandgap energy of crystalline T10, by transition metal
doping and hydrogen reduction. One approach has been to
dope transition metals into Ti0O, and another has been to
form reduced Ti10, photocatalysts. However, doped materi-
als sufler from a thermal instability, an increase of carrier-
recombination centers, or the requirement of an expensive
ion-implantation facility. Reducing Ti0, introduces local-
ized oxygen vacancy states below the conduction band
minimum of titanium dioxide so that the energy levels of the
optically excited electrons will be lower than the redox
potential of the hydrogen evolution, and the electron mobil-
ity in the bulk region will be small because of the localiza-
tion.

Films and powders of titanium oxymitride (T10,_N ) have
revealed an improvement over titanium dioxide under vis-
ible light 1n optical absorption and photocatalytic activity,
such as photodegradation of methylene blue and gaseous
acetaldehyde and hydrophilicity of the film surface. Substi-
tutional doping of nitrogen by sputtering a titanium dioxide
target 1 a nitrogen/argon gas mixture has been accom-
plished. After being annealed at 550° C. 1n nitrogen gas for
four hours, the films were crystalline with features assign-
able to a mixed structure of the anatase and rutile crystalline
phases. The films were yellowish in color, and their optical
absorption spectra showed them to absorb light between
400-500 nm, whereas films of pure titanium dioxide did not.
Photocalytic activity for the decomposition of methylene
blue shows activity of T1O,__N_at wavelengths less than 500
nm.

The active wavelength of TiO, N_ of less than 500 nm
promises a wide range of applications, as 1t covers the main
peak of the solar irradiation energy beyond Earth’s atmo-
sphere. Further, it 1s an excellent light source, peaking at 390
to 420 nm, provided by recently-developed light-emitting
indium gallium nitride diodes.

In addition, nitrogen can be incorporated into the Ti10,
structure by the nitridation reaction of Ti10, nanopowders
that are subjected to an ammomnia (NH;) gas tflow at about
600° C. Transmission electron microscope micrographs
showed that the synthesized TiN powder consisted ol uni-
form spherical particles with an average diameter of about
20 nm when nitridation was performed at a temperature of
about 600° C. for 2-5 hours. No results with respect to the
photocatalytic activity of this maternial were presented.

The synthesis of chemically modified n-type TiO, by the
controlled combustion of T1 metal 1n a natural gas flame at
a temperature ol about 850° C. represented another attempt
at lowering the band gap energy of T10,. The modified films
were dark gray, porous in structure and with an average
composition of n-T10,_C_(with x about 0. 15). This mate-
rial absorbs light at wavelengths below 335 nm and has a
lower band-gap energy than rutile T10, (2.32 versus 3.00
clectron volts). When 1lluminated with a 150 Watt xenon
(Xe) lamp, and at an applied potential of 0.3 volt, the
chemically modified n-T10,_C_ (with x about 0.15) exhib-
ited a higher water photoconversion eflicienty (8.3%) than
that of pure TiO, 1lluminated under the same conditions
(1%).

All of these examples require the use of very high
temperature synthesis conditions, and long periods of time
to produce these materials. The time and temperature pre-
viously required to make the T1O, N _and n-T10,_C_com-
pounds makes these techniques costly and ineflicient.

Thus, a heretofore unaddressed need exists 1n the industry
for a simple more cost eflective method to fabricate novel

materials capable of exhibiting photo catalytic activity such
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as the photo-induced decomposition of water and pollutants.
Additionally, a need exists for better methods for their use
in the production of electricity through solar cells, as well as
to address some of the aforementioned deficiencies and/or
inadequacies.

SUMMARY

Embodiments of the present disclosure provide for meth-
ods of transforming from one crystal structure to another
crystal structure 1in TiO, nanocolloids and TiO,_ N_ nano-
colloids. One representative embodiment includes: provid-
ing a 110, nanocolloid that has an anatase crystal structure;
mixing the T10, nanocolloid with a metal hydrate compound
at a temperature of less than about 600° C., wherein the
metal hydrate compound 1s selected from a cobalt chloride
hexahydrate compound, a cobalt nitrate hexahydrate com-
pound, and a nickel chloride hexahydrate compound; and
transforming the anatase crystal structure to a rutile crystal

structure 1n less than 60 minutes and at a temperature of less
than about 600° C.

Another embodiment of the present disclosure provides
for methods of transforming from one crystal structure to
another crystal structure. An exemplary method includes:
providing a Ti10, nanocolloid that has an anatase crystal
structure; mixing the T10, nanocolloid with a metal hydrate
compound at a temperature of about 20 to 30° C.; and
transforming the anatase crystal structure to a rutile crystal

structure 1n less than 5 minutes and at a temperature of about
20 to 30° C.

Another embodiment of the present disclosure provides
for methods of transforming from one crystal structure to
another crystal structure. An exemplary method includes:
providing a T1O, N _nanocolloid that has an anatase crystal
structure, wheremn x 1s about 0.005 to 0.25; mixing the
T10,_N_ nanocolloid with a metal hydrate compound at a
temperature of less than about 600° C., wherein the metal
hydrate compound 1s selected from a cobalt chloride
hexahydrate compound, a cobalt nitrate hexahydrate com-
pound, and a nickel chloride hexahydrate compound; irra-
diating the interaction of the mixture of the T10,_N_ nano-
colloid and the metal hexahydrate compound with a laser
energy ol greater than 120 mW; and transforming the

anatase crystal structure to a rutile crystal structure.

Another embodiment of the present disclosure provides
for methods of transforming from one crystal structure to
another crystal structure. An exemplary method includes:
providing a T10O,__N_nanocolloid that has an anatase crystal
structure, wheremn x 1s about 0.005 to 0.25; mixing the
T10,_N_ nanocolloid with a metal hydrate compound at a
temperature of less than about 20 to 30° C.; and 1rradiating,
the interaction of the mixture of TiO,_ N_ nanocolloid and
the metal hydrate compound with a laser energy of greater
than 120 mW; and transforming the anatase crystal structure

to a rutile crystal structure.

Other systems, methods, features, and advantages of the
present disclosure will be or become apparent to one with
skill in the art upon examination of the following drawings
and detailed description. It 1s intended that all such addi-
tional systems, methods, features, and advantages be
included within these descriptions, be within the scope of the
present disclosure, and be protected by the accompanying,
claims.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components
in the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIG. 1A 1s a low resolution transmission electron micro-
graph (TEM) 1mage of titanium oxymtride nanostructures.
FIG. 1B 1s a high resolution (HR) TEM 1mage showing the
polycrystailine character and lattice planes of the sample.
The HR TEM image corresponds to an anatase crystal
structure confirmed by the x-ray powder diflraction pattern
shown 1n the nset.

FIG. 2 includes (a) a reflection spectrum for Degussa
P25™ T10, whose spectrum rises sharply at 380 nanometers
(nm), (b) a reflection spectrum of titanium oxynitride nano-
particles (3-11 nm) whose spectrum rises sharply at 450 nm,
and (c) a retlection spectrum of titanium oxynitride partially
agglomerated nanoparticles whose spectrum rises sharply at

550 nm.

FIG. 3 includes (a) an infrared spectrum for triethylamine
showing a clear C-H stretch region, and (b) an infrared
spectrum of titanium oxynitride nanoparticies (3-11 nm)
corresponding to the yellow titantum oxynitride crystallites
whose reflection spectrum rises sharply at 450 nm.

FIG. 4 1s an XPS spectrum for untreated titanium dioxide
nanoparticles and titantum oxynitride nanoparticles. The
nitrogen peak, which 1s present 1n the titantum oxynitride
nanoparticle sample, but not 1n the untreated titanium diox-
ide, 1s considerably more pronounced for the palladium
treated titanium oxynitride nanoparticles.

FIG. 5A 1s an XRD powder pattern for untreated titanium
dioxide powders. FIG. 3B 1s an XRD powder pattern for
titanium oxynitride partially agglomerated nanoparticles
corresponding with the sharply rising reflectance spectrum
at 550 nm. While the XRD patterns in FIGS. SA and 3B are
indicative of the anatase phase, the broad XRD pattern for
palladium treated titanium oxynitride may be attributed to a
structural transformation.

FIG. 6A 1s a TEM of a palladium metal impregnated
titanium oxynitride nanostructure. FIG. 6B 1s a TEM micro-
graph of a dark brown-black crystal phase accompanying the
palladium 1mpregnated mitride nanostructures. The dark
crystallites are associated with a structural transformation
(e.g., the analog of octahedrite in titanium dioxide).

FIG. 7A 1s a graph 1llustrating the photodegradation of
methylene blue 1n water at pH 7 and at about 390 nm. FIG.
7B 1s a graph illustrating the photodegredation of methylene
blue 1 water at pH 7 and at about 340 nm.

FIG. 8A illustrates Raman spectrum of untreated anatase
T10, nano-powder, while FIG. 8B illustrates the Raman
spectrum of nitridized T10, nano-colloid. The dashed line
represents the fitted data and solid line represents the data.
The spectrum 1n FIG. 8B 1s broader because the nanopar-
ticles used are smaller.

FIG. 9A illustrates Raman spectra of the T10, nanocolloid
prepared with various concentrations of Co using CoCl,,
while FIG. 9B illustrates Raman spectra of the Ti0O, nano-
colloid prepared with various concentrations of Co using
Co(NQO,),. Note that the Raman signal for FIG. 9A was
obtained using a 1 um spot size and a power of 25 mW or
less. The Raman signal for FIG. 9B was obtained at much
higher laser powers (e.g., 150 mW) and 1s laser induced.
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FI1G. 10 1llustrates Raman spectra of 110 N, nano-colloid
for various Co concentrations using CoCl,.

FIG. 11 illustrates and compares Raman spectra of the
iitial T10,_N_and Co-doped T10O,_ N_nanocolloids (laser-
induced).

FI1G. 12 illustrates the Raman spectrum of Ni doped 110,
nanocolloid at powers less than 20 mW.

FI1G. 13 1llustrates the laser-induced Raman spectrum and
fit for T10, _N_ doped with CoCl,. The vibrations at 388

2-x" X

cm™' and 690 cm™" have been assigned to a cobalt oxide site
similar to that in Co,0, (spinels).

DETAILED DESCRIPTION

Embodiments of the present disclosure include methods
of treating 110, nanocolloids, methods of treating T10, IN_
nanocolloids, and methods of transforming the crystal struc-
ture from the anatase crystal structure to the rutile crystal
structure for each of the Ti0O, nanocolloids and TiO, N_
nanocolloids. Initially in each instance, the T10O, nanocol-
loids and the TiO,_N_ nanocolloids have an anatase crystal
structure. The T10, nanocolloids and the T1O,_N_nanocol-
loids are each mixed with a metal hexahydrate compound.
The crystal structure of the TiO, nanocolloids and the
T10,_N_ nanocolloids are each changed from the anatase
crystal structure to the rutile crystal structure at conditions
substantially different than current techniques. In particular,
the transformations are carried out at temperatures signifi-
cantly less than that typically associated with the anatase to
rutile transformation, which occurs stoichiometrically and
requires a temperature of about 850° C. for a time period of
about 12 hours. The methods of the present disclosure are
advantageous for at least the reasons that the transformation
from the anatase crystal structure to the rutile crystal struc-
ture 1n T10, nanocolloids and the T1O,__N_nanocolloids are
conducted at much lower temperatures and/or significantly
faster times than previous methods.

In addition, embodiments of the present disclosure pro-
vide for oxymitride nanoparticles having the following for-
mula: M, O, N, where M 1s a metal, a metalloid, a lanthanide,
or an actinide; O 1s oxygen; N 1s nitrogen, and where x can
range from about 1 to 3; y 1s about 0.5 to less than 3, and z
1s about 0.001 to 0.5, about 0.001 to 0.2, and about 0.001 to

0.1.

Another embodiment of the present disclosure provides
for methods of preparation of M, O, N, nanoparticles. An
exemplary method of preparing M, O N_ nanoparticles
includes mixing at least one type ol oxide nanoparticle
(described below) with at least one alkyl amine at room
temperature until the reaction between the oxide nanopar-
ticle and alkyl amines 1s substantially complete (e.g., typi-
cally less than 60 seconds). The result 1s the formation of
M O, N, nanoparticles. Subsequently, the M, O N, nanopar-
ticles can be dried 1n a vacuum and stored for use in the
future.

In addition, another embodiment provides for oxynitride

nanoparticles having the following formula:
M1 M2 ,0N_, where M1l and M2 can be a metal, a

metalloid, a lanthanides, an actinides, or combinations

thereol; x1 and x2 are 1n the range from about I to 3; y 1s
about 0.5 to less than 5; and z 1s about 0.001 to 0.5. Another

embodiment provides for methods of preparing
M1 M2 ,0 N, nanoparticles. The method 1s similar to the
method described above 1n regard to M, O N_ nanoparticles
and will be described 1n more detail below.

Another embodiment of the present disclosure provides
tor M, O,N, nanoparticles having a catalytic metal (M, O, N,
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IM,-]) disposed thereon and/or therein. A representative
method of the preparation of M, O N_[M .| nanoparticles
includes mixing at least one type of oxide nanoparticle with
at least one alkyl amine and a catalytic metal compound until
the reaction between the oxide nanoparticle, alkyl amines,
and catalytic metal compound 1s substantially complete
(e.g., typically less than 60 seconds). The result 1s the
tormation of M, O N, [M, ;] nanoparticles. Subsequently,
the M,O N [M .| particles can be vacuum dried and stored
for use 1n the future.

In addition, another embodiment provides for
M1 M2 ,0O N, nanoparticles having catalytic metal

X

M1, M2 _,0, N_[M,,| disposed thereon and/or therein and
methods of formation thereof. The method 1s similar to the
method described above in regard to M, O, N_[M ] nano-
particles and will be discussed 1n more detail below.

Other embodiments of the present disclosure include the
use of one or more types of MO N_, M O N_[Mc, ],
M1, M2 ,0 N_, and/or M1, M2 ,0O N [M.,;] nanopar-
ticles 1n catalysts, for photocatalytic reactors, 1n photocata-
lytic supports, 1n solar panel energy systems, and 1n pig-
ments.

For example, one or more types of M O N_, M, O N,
Myl MIIIM2I20yNzﬂ and/or M1x1M2x20yNz[MCAT]
nanoparticles can be used as a photocatalyst for converting

water mto hydrogen and oxygen. In addition, one or more
types of M\O N_, M O N [M,/], M1 M2 ,ON_, and/or

M1X1M2ﬂOyNE[MC;T] yn:;noparticles can be used i1n the
photodegradation of organic molecules present in polluted

water and air.

In particular, T1O,_N_ and/or T10,__N_[Pd] nanoparticles
can be used in photocatalytic reactors, solar cells, and
pigments. For example, the T10, N _and/or Ti0, N _[Pd]

2-x1'x 2-x'x
nanoparticles can be incorporated 1nto porous silicon struc-
tures (e.g., micro/nanoporous structures) and act as a cata-

lyst, a photocatalyst, or an electrode material.

M, O, N, Nanoparticles

Embodiments ot the M O N_ nanoparticles include, but
are not limited to, the following formulas: MO, N_ (where
s 1s 1n the range of about 0.001 to 0.5), MO,,_N_ (where t 1s
in the range of about 0.001 to 0.5), M,O;_ N _(whereui1s in
the range of about 0.001 to 0.5), M;O,_ N _ (where v 1s 1n the
range ol about 0.001 to 0.5), and M,O._ N (where w 1s 1n
the range of about 0.001 to 0.5). In addition, the M,O N,
nanoparticles are less than about 40 nanometers (nm) in
diameter, 1n the range of about 8 nm to 40 nm, 1n the range
of about 15 nm to 35 nm, and in the range of about 20 nm
to 30nm.

As indicated above, M includes the transition metals, the
metalloids, the lanthanides, and the actinides. More specifi-
callyy, M includes, but 1s not limited to, titanium (11),
zircomium (Zr), hatmium (HI), tin (Sn), nickel (N1), cobalt
(Co), zinc (Zn), tantalum (Ta), silicon (S1), silver (Ag),
iridium (Ir), platinum (Pt), palladium (Pd), gold (Au), or
combinations thereof. In particular, M can be T1, Zr, Hf, Si,
and Sn and, preferably, M 1s Ti.

Embodiments of the M, O N, nanoparticles include, but
are not limited to, T1O,_N_ nanoparticles, ZrO,_ IN_ nanopar-
ticles, H1O, N. nanoparticles, S10, N. nanoparticles, and
SnO_ nanoparticles.

Embodiments ot the M, O, N_ nanoparticles have the char-
acteristic that they are able to absorb radiation (e.g., light) 1n
the range of about 3350 run to 2000 nm, about 500 nm to
2000 nm, about 540 nm to 2000 nm, about 450 nm to 800
nm, about 500 nm to 800 nm, about 540 nm to 800 nm, and
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about 540 nm to 560 nm. Preferably, the M O N, nanopar-
ticles absorb radiation at about 550 nm, the peak of the solar
spectrum.

In general, the M, O, N_ nanoparticles may maintain their
crystal structure upon nitridation. However, some embodi-
ments of the M, O N, nanoparticles may experience crystal
phase transformation. In particular, mitridation of anatase
T10, nanoparticles do not appear to experience phase trans-
formation whereas nitridation of TiO, nanoparticles 1n the
presence of PACl, results 1n a structural transformation (e.g.,
transformation from the anatase crystal phase to a complex
mixed structural phase).

Methods of Making M, O, N, Nanoparticles

Embodiments of the present disclosure also include meth-
ods of preparing M, O N, nanoparticles. An embodiment of
a representative method ncludes mixing at room tempera-
ture at least one type of oxide nanoparticle (M, O, nanopar-
ticles (where h 1s in the range of about 1 to 3 and 1 1s 1n the
range of about 1 to 5)) with an excess of a solution having

at least one type of alkyl amine. The solution can also
contain hydrazine and/or ammonaia.

In general, the M, O, nanoparticles have a diameter of less
than about 40 nm, 1n some embodiments less than about 30
nm. The M, O, nanoparticles may be 1n several forms. In
particular, the M, O, nanoparticles can be suspended in a
colloidal solution of one or more types of M, O, nanopar-
ticles; a gel of one or more types of M, O, nanoparticles; one

or more types of M,0O, nanoparticles; or combinations
thereol.

For M, O, nanoparticles, M includes the transition metals,
the metalloids, the lanthanides, and the actinides. More
specifically, M includes, but 1s not limited to, T1, Zr, Hi, Sn,
N1,.Co, Zn, Pb, Mo, V, Al, Nb, Ta, S1, Ag, Ir, Pt, Pd, Au, or
combinations thereof. In particular, M can be Ti, Zr, Hi, Si,
and Sn and, preferably, M 1s Ti.

The alkyl amine can include, but i1s not limited to,
compounds having the formula of N(R,)}R-)(R;). R, R,
and R, can each be selected from groups such as, but not
limited to, a methyl group, an ethyl group, a propyl group,
and a butyl group. The preferred alkyl amine 1s triethy-
lamine. In general, an excess amount (based on the quantity
of M,QO, nanoparticles) of alkyl amine 1s included 1n the
mixture to ensure complete reaction of the M, O, nanopar-
ticles. However, 1t 1s contemplated and within the scope of
this disclosure that amounts less than an excess of alkyl
amine can be imncluded in the mixture to produce M, O N,
nanoparticles.

Subsequent to providing M, O, nanoparticles and the alkyl
amine, the M, O, nanoparticles and the alkyl amine can be
mixed in a container, preferably a closed glass container
with a magnetic stirring rod. Alternatively, the mixture can
be mixed by shaking the container with a machine or by
hand. The M, O, nanoparticles and the alkyl amine are mixed
until reaction between them i1s substantially complete, which
may be indicated by an exothermic reaction (e.g., heat
release) and/or by a color change of the mixture. The
reaction typically takes less than 60 seconds and, preferably,
less than 10 seconds to form M, O N, nanoparticles.

After the reaction between the M, O, nanoparticle and the
alkyl amine 1s complete, the mixture 1s allowed to air dry.
Subsequently, the mixture i1s dried under a vacuum (about
5%x107* torr) for less than approximately 12 hours. The
M, O,N_ nanoparticles are typically colored (e.g., a yellow to
orange/red color for titantum oxynitride particles).
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M, O,N_ [M,,] Nanoparticles

M, O N, [M, ;] nanoparticles include M, O, N_ nanopar-
ticles (as described above in reference to M, O, N, nanopar-
ticles) having one or more catalytic metals (M-, ) disposed
thereon and/or incorporated therein. The M, can be a
metal such as, but not limited to, palladium (Pd), silver (Ag),
ruthenium (Rh), platinum (Pt), cobalt (Co), copper (Cu), or
iron (Fe).

It appears that the M, - can be incorporated onto (or
impregnates) the M, O N_ nanoparticles structure, and/or the
Mc 47 can be dispensed on the surface of the M O N,
nanoparticles to form M, O N_ [M,,,| nanoparticles. In
addition, the M-, - can promote the alteration of the crystal
structure of the M, O N, nanoparticles. In one embodiment,
the crystal structure of the 110, nanoparticles changes from
an anatase crystal structure to a complex structural mixture,
which may include octahedrite crystal (e.g.,110, N [Pd]
(where t 1s 1n the range of about 0.001 to 0.5)). This
transformation of structure takes place upon reaction of the

T10, nanoparticles with an alkyl amine and PdC1,,.
Embodiments of the M O N_ [M, -] nanoparticles may

have the characteristic that tffey are able to absorb radiation
(e.g., light) 1n the range of about 350 nm to about 2000 nm,
about 500 nm to 2000 nm, about 540 nm to 2000 nm, about
450 nm to about 800 nm, about 500 nm to 800 nm, about 540
nm to 300 nm, and about 540 nm to 560 nm. Preferably, the
M, O, N, [M. .| nanoparticles may absorb radiation at about

550 nm, the peak of the solar spectrum.

Methods of Making M O N, [Mp,,1 Nanoparticles

Another embodiment of the present disclosure includes
preparing M, O, N_[M, .| nanoparticles by mixing at room
temperature at least one type of M, O, nanoparticle, a cata-
lytic metal compound, and an excess of a solution having at
least one type of alkyl amine. After the reaction between the
at least one type of M, O, nanoparticle, the catalytic metal
compound, and the at least one type of alkyl amine is
substantially complete, the mixture 1s allowed to air dry.
Subsequently, the mixture i1s dried under a vacuum (about
5x107* torr) for less than 12 hours. The resulting M, O,N,
[M -] nanoparticles are typically colored (e.g., a brown-
black color for titanium oxynitride particles having Pd metal

disposed thereon (110, N _[Pd])).

The catalytic metal compound can include compounds
such as, but not limited to, palladium chloride (Pd(Cl,), silver
chloride (Ag(Cl), ruthentum chloride (RhCl,), platinum chlo-
ride (PtCl,), cobalt chloride (COCIl,), copper chloride
(CuCl,), and 1ron chlonide (FeCl,). Not intending to be
bound by theory, 1t appears that the catalytic metal com-
pound may serve one or more purposes. For example, the
catalytic metal compound catalyzes the reaction of the M, O,
nanoparticles and the alkyl amine, as well as the increased
uptake of nitrogen to form M O N, [M,,| nanoparticles.

M1 M2 ,0 N, Nanoparticles

Another embodiment of the present disclosure provides
for oxynitride nanoparticles having the following formula:
M1, M2 ,0 N_, where x1 and x2 are in the range from
about 1 to 3, y 1s about 0.5 to less than 5, and z 1s about 0.001

to less than 5.

For the M1, M2 ,O N_ nanoparticles, M1 and M2 can

include the transition metals, the metalloids, the lanthanides,
the actimides, of combinations thereol. More specifically,
M1 and M2 can include, but are not limited to, T1, Zr, Hf, Sn,
N1, Co, Zn, Pb, Mo, V, Al, Nb, Ta, S1, Ag, Ir, Pt, Pd, Au, or
combinations thereof. In particular, M1 and M2 can be T,
Zr, Ht, S1, and Sn, or combinations thereof.
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Embodiments of the M1, ;M2 ,O N_ nanoparticles may
have the characteristic that they are able to absorb radiation
(e.g., light) 1n the range of about 350 nm to 2000 nm, about
500 nm to 2000 nm, about 540 nm to 2000 nm, about 450
nm to 800 nm, about 500 nm to 800 nm, about 540 nm to 800
nm, and about 340 nm to 360 nm. Preferably, the
M1 M2 ,0O N, nanoparticles may absorb radiation at about
550 nm, the peak of the solar spectrum.

Methods of Making M1, M2 ,O N_ Nanoparticles

Embodiments of the present disclosure also include meth-
ods of preparing M1, M2 _,O N_ nanoparticles. An embodi-
ment of a representative method includes mixing at room
temperature two types of oxide nanoparticles (M, O, nano-
particles (where h 1s 1n the range of about 1 to 3 and 1 1s 1n
the range of about 1 to 5)) with an excess of a solution
having at least one type of alkyl amine. The solution can also
contain hydrazine and/or ammonaia.

Subsequently, the two types of M, O, nanoparticles and the
alkyl amine can be mixed in a container, preferably a closed
glass container, with a magnetic stirring rod. Alternatively,
the mixture can be mixed by shaking the container with a
machine or by hand. The two types of M, O, nanoparticles
and the alkyl amine are mixed until the reaction 1s substan-
tially complete, which maybe indicated by an exothermic
reaction (e.g., heat release) and/or by a color change of the
mixture. After the reaction between the two types M, O,
nanoparticles and the alkyl amine 1s complete, the mixture
1s allowed to air dry. Subsequently, the mixture 1s dried
under a vacuum (about 5x107* torr) for less than 12 hours.

Another representative method includes mixing a mixed
oxide nanoparticle having the formula M1,,M2,,0, (where
h1 and h2 can range from about 1 to 3 and 1 1s 1n the range
of about 1 to 5) with an excess of a solution having at least
one type ol alkyl amine. The solution can also contain
hydrazine and/or ammonia.

Subsequently, the M1, M2,,0. nanoparticles and the
alkyl amine can be mixed in a container, preferably a closed
glass container, with a magnetic stirring rod. Alternatively,
the mixture can be mixed by shaking the container with a
machine or by hand. The M1, , M2, ,O, nanoparticles and the
alkyl amine are mixed until the reaction 1s substantially
complete, which maybe indicated by an exothermic reaction
(e.g., heat release) and/or by a color change of the mixture.
After the reaction of the M1,,M2,,0, nanopartlcles and the
alkyl amine 1s complete, the mixture 1s allowed to air dry.
Subsequently, the mixture is dried under a vacuum (about
5x10 torr) for less than 12 hours.

M, M1, M2, and the alkyl amines correspond to the
descriptions provided above and will not be described here
in any more detail.

M1 M2 ,0 N [M,,,| Nanoparticles

M1 _ M2, OyN M, ] nanoparticles include
M1, M2 ,O N, nanoparticles (as described above in refer-
ence to M1, , M2, 0. nanoparticles) having one or more
catalytic metals (M, ,,) disposed thereon and/or incorpo-
rated therein. As described above, the M. ,,- can be a metal

such as, but not limited to, Pd, Ag, Rh, Pt, Co, Cu, or Fe.

Embodiments of the M1, M2 ,O N_[M., ;] nanopar-
ticles may have the characteristic that they are able to absorb

radiation (e.g., light) 1n the range of about 350 nm to 2000
nm, about 500 nm to 2000 nm, about 540 nm to 2000 nm,
about 450 nm to 800 nm, about 540 nm to 800 nm, about 500
nm to 800 nm, and about 540 nm to 560 nm. Preferably, the
M1, M2 ,O N_[M,,,] nanoparticles may absorb radiation
at about 550 nm, the peak of the solar spectrum.
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Methods of Making M1, M2 ,O N_[M,,,| Nanoparticles

Another embodiment of the present disclosure includes
preparing M1, M2 ,O N [MC ] nanoparticles. A represen-
tative method 111c1udes mixing at room temperature two
types of M, O, nanoparticles with a catalytic metal com-
pound and an excess of a solution having at least one type
of alkyl amine. The solution can also contain hydrazine
and/or ammonia.

Subsequently, the two types of M, 0O, nanoparticles, the
catalytic metal compound, and the alkyl amine can be mixed
in a container, preferably a closed glass container, with a
magnetic stirring rod. Alternatively, the mixture can be
mixed by shaking the container with a machine, or by hand.
The two types of M, O, nanoparticles, the catalytic metal
compound, and the alkyl amine are mixed until the reaction
1s substantially complete, which maybe indicated by an
exothermic reaction (e.g., heat release) and/or by a color
change of the mixture. After the reaction between the two
types M, 0O, nanoparticles, the catalytic metal compound,
and the alkyl amine 1s complete, the mixture 1s allowed to air
dry. Subsequently, the mixture 1s dried under a vacuum
(about 5x107 torr) for less than 12 hours.

Another representative method includes mixing
M1 M2,,0, with a catalytic metal compound, and an excess
ol a solution having at least one type of alkyl amine. The
solution can also contain hydrazine and/or ammonia. Sub-
sequently, the M1, ,M2,,0, nanoparticles, the catalytic
metal compound, and the alkyl amine can be mixed in a
container, preferably a closed glass container, with a mag-
netic stirring rod. Alternatively, the mixture can be mixed by
shaking the container with a machine or by hand. The
M1 M2,,0, nanopart1c1es the catalytic metal Compound
and the alkyl amine are mixed until the reaction 1s substan-
tially complete, which maybe indicated by an exothermic
reaction (e.g., heat release) and/or by a color change of the
mixture. After the reaction of the M1, M2,,0, nanoparti-
cies, the catalytic metal compound, and the alkyl amine 1s
complete, the mixture 1s allowed to air dry. Subsequently,
the mixture is dried under a vacuum (about 5x107~ torr) for
less than 12 hours.

M, M1, M2, M., -, the catalytic metal compound, and the
alkyl amines correspond to the descriptions provided above
and will not be described here 1n any more detail.

T10, Nanocolloid Crystal Phase Transformation

Embodiments of the present disclosure mclude methods
of treating Ti10O, nanocolloids having an anatase crystal
structure with a metal hydrate compound (e.g., metal halide
hexahydrate compounds) and directly transforming the crys-
tal structure of the Ti0O, nanocolloids from the anatase
crystal structure to the rutile crystal structure. The methods
are carried out at temperatures significantly less than current

techniques, which can approach 850° C. for the stoichio-
metric conversion, and at much faster times than this con-
version, which takes about 12 hours. In another embodi-
ment, the method includes treating T10, nanocolloids having
an anatase crystal structure with a metal hydrate compound
(e.g., metal nitrate hexahydrate compounds) and transform-
ing the crystal structure of the TiO, nanocolloids from the
anatase crystal structure to the rutile crystal structure via a
laser-induced transformation (e.g., greater than about 120-

150 mW). Additional details regarding the T10, nanocolloid
crystal phase transformation as well as

the laser-induced
transformation are described below and in Example 3.

In general, the T10, nanocolloids having an anatase crys-
tal structure are mixed with a metal hydrate compound (e.g.,
a metal hexahydrate compound) at a temperature of less than
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600° C. (e.g., room temperature). The crystal structure
transforms from anatase to rutile in less than 60 minutes
(e.g., 5 minutes), while at a temperature of less than 600° C.
(e.g., room temperature). Embodiments of the method pro-
duce a resultant transformation of the T10, nanocolloid from
the anatase to a rutile crystal structure. In another embodi-
ment, the metal replaces a portion of the 11 1n the nanocol-
loid. For example, cobalt (Co) replaces some of the Ti 1n the
nanocolloid (See Example 3 for additional details).

The T10, nanocolloids are initially anatase 110, nanopar-
ticle crystallites. The Ti0, nanocolloids are synthesized
using the sol-gel technique to form exclusively the anatase
structure. The resulting liquidous form of the nanocolloid
solution 1s treated with a metal hexahydrate (e.g., cobalt
hexahydrate or nickel hexahydrate), for example. The Ti0,
nanocolloids can have a width (e.g., the longest dimension
of a non-spherical nanoparticle or the diameter of a sub-
stantially spherical nanoparticle) of about 6 to 10 nm, and
can be agglomerated into larger particles.

The metal hydrate compound can include, but i1s not
limited to, metal hexahydrate compounds and other metal
hydrate compounds where the metal has a lower secondary
hydrate coordination (e.g., magnetic transition metal hydrate
compounds, where the coordination of hydrate depends
upon the magnetic transition metal). The metal hexahydrate
compound can include, but 1s not limited to, magnetic
transition metal hexahydrates. The concentration of the
metal hydrate compound that 1s mixed with the T10, nano-
colloids 1s about 3 to 45 mole %.

In an embodiment for direct transformation from anatase
to rutile, the metal hexahydrate compound can include, but
1s not limited to, metal halide hexahydrate compounds. In
particular, the halide i1s chlorine. The metal hexahydrate
compound can include, but i1s not limited to, cobalt metal
hexahydrate compounds and nickel metal hexahydrate com-
pounds. In particular, the cobalt metal hexahydrate com-
pound 1s a cobalt chloride hexahydrate compound, while the
nickel metal hexahydrate compound 1s a nickel metal chlo-
ride hexahydrate compound. In an embodiment, the concen-
tration of the cobalt chloride hexahydrate compound that 1s
mixed with the T10O, nanocolloids 1s about 3 to 40 mole %.
In an embodiment, the concentration of the nickel chloride
hexahydrate compound that 1s mixed with the TiO, nano-
colloids 1s about 3 to 40 mole %.

In an embodiment for transformation from anatase to
rutile via laser-induced transformation, the metal hexahy-
drate compound can include, but 1s not limited to, metal
nitrate hexahydrate compounds. The metal hexahydrate
compound can include, but 1s not limited to, cobalt metal
hexahydrate compounds and nickel metal hexahydrate com-
pounds. In particular, the cobalt metal hexahydrate com-
pound 1s a cobalt nitrate hexahydrate compound, while the
nickel metal hexahydrate compound is a nickel metal nitrate
hexahydrate compound. In an embodiment, the concentra-
tion of the cobalt nmitrate hexahydrate compound that 1s
mixed with the T10, nanocolloids 1s about 5 to 45 mole %.
In an embodiment, the concentration of the nickel nitrate
hexahydrate compound that 1s mixed with the TiO, nano-
colloids 1s about 5 to 45 mole %.

As mentioned above, embodiments of the method include
mixing the TiO, nanocolloid with a metal hexahydrate

compound at a temperature of less than about 600° C., less
than about 550° C., less than about 500° C., less than about
450° C., less than about 400° C., less than about 350° C.,
than about 300° C., less than about 250° C., less than about
200° C., less than about 150° C., less than about 100° C., less
than about 75° C., less than about 50° C., less than about 40°
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C., and less than about 30° C. In an embodiment, the
temperature 1s about 20 to 30° C. or about 25° C.

Embodiments of the method include transforming from
the anatase crystal structure to the rutile crystal structure in
less than 60 minutes, 1n less than 50 minutes, 1n less than 40
minutes, 1n less than 30 minutes, 1n less than 20 minutes, 1n
less than 10 minutes, 1n less than 5 minutes, and 1n less than
3 minutes. In an embodiment, the transformation from the
anatase crystal structure to the rutile crystal structure occurs
in less than 5 minutes. It should be noted that the transior-
mation from the anatase crystal structure to the rutile crystal
structure occurs at the temperatures noted above.

T10,_N_ Nanocolloid Crystal Phase Transformation
Embodiments of the present disclosure include methods
of treating T10,_N_ nanocolloids having an anatase crystal
structure with a metal hydrate compound (e.g., metal
hexahydrate compound) and, in concert with laser 1llumi-
nation (e.g., 514.5 nm), transforming (e.g., laser-induced
transformation at greater than about 120-150 mW of power)
the crystal structure of the TiO,_N. nanocolloids from the

2-x'x

anatase crystal structure to the rutile crystal structure. It
should be noted that x 1s about 0.005 to 0.25. Additional
details regarding T10, N_ nanocolloid crystal phase trans-
formation are described 1n Example 3.

In general, the T10,_N_ nanocolloids having an anatase
crystal structure are mixed with a metal hydrate compound
at a temperature of less than 600° C. (e.g., room tempera-
ture). The crystal structure transforms via laser-induced
transformation from anatase to rutile 1n less than 60 minutes
(e.g., 5 minutes) at a temperature of less than 600° C. (e.g.,
room temperature) upon exposure to the radiation energy
(e.g., a laser light energy). Embodiments of the method
produce a T1O, N _nanocolloid and/or a T1iO,,_ N _nanocol-
loid/metal complex having a rutile crystal structure. In
another embodiment, the metal replaces a portion of the Ti

in the complex.

The T10,_N_nanocolloids can be formed using methods

as described herein. The T10, N_ nanocolloids can include
anatase 110, N _ nanoparticle crystallites. The Ti0O, N_
nanocolloids can be 1n the form of a slurry formed via the
amination of a sol-gel generated T10, liqudous solution.
The T10, solution that 1s mitially slightly opaque 1s trans-
formed to an off-white, nearly opaque viscous fluid, which
can be condensed mto a gel; when dried 1n vacuum, it
produces yellow crystallites. The TiO,_ N_nanocolloids can
have a width (e.g., the longest dimension of a non-spherical
nanoparticle or the diameter of a substantially spherical
nanoparticle) of about 6 to 10 nm, which can be agglomer-

ated to form larger structures.

The metal hydrate compound can include, but 1s not
limited to, transition metal hydrates and magnetic transition
metal hydrates. In addition, the metal hydrate compound can
include, but is not limited to, metal hexahydrate compounds
and other metal hydrate compounds where the metal has a
lower secondary hydrate coordination (e.g., transition metal
hydrate compounds and magnetic transition metal hydrate
compounds, where the coordination of hydrate depends
upon the magnetic transition metal). The metal hexahydrate
compound can include, but 1s not limited to, transition metal
hexahydrates. In an embodiment, the metal hexahydrate
compound can include, but 1s not limited to, magnetic
transition metal hexahydrates. The concentration of the
metal hydrate compound that 1s mixed with the TiO, N_
nanocolloids 1s about 3 to 40 mole %.

In an embodiment for transtformation from anatase to
rutile via laser-induced transformation, the metal hexahy-
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drate compound can include, but 1s not limited to, metal
halide hexahydrate compounds and metal nitrate hexahy-
drate compounds. In particular, the halide 1s chlorine. The
metal hexahydrate compound can include, but 1s not limited
to, cobalt metal hexahydrate compounds and nickel metal
hexahydrate compounds. In particular, the cobalt metal
hexahydrate compound 1s a cobalt chloride hexahydrate
compound. In an embodiment, the concentration of the
cobalt chloride hexahydrate compound that 1s mixed with
the T10, nanocolloids 1s about 3 to 40 mole %.

Embodiments of the method 1include mixing the T10, N _
nanocolloids with a metal hexahydrate compound and treat-
ing with a laser (e.g., at greater than about 120-150 mW) at
temperatures as described 1n regard to the T1O,, nanocolloid
methods. In an embodiment, the temperature 1s about 20 to
30° C. or about 25° C.

Embodiments of the method include the laser-aided trans-
formation from the anatase crystal structure to the rutile
crystal structure 1n a time frame as described above 1n regard
to T10, nanocolloid methods. In an embodiment, the laser-
aided transformation from the anatase crystal structure to the
rutile crystal structure occurs i1n less than 5 minutes. It
should be noted that the transformation from the anatase
crystal structure to the rutile crystal structure occurs at the
temperatures noted above.

Embodiments of the method include 1rradiating the mix-
ture of T10, N_ nanocolloids and the metal hexahydrate
compound. The wrradiation source can include, but 1s not
limited to, a laser source. In an embodiment, the laser source
can include, but 1s not limited to, an argon 1on, a krypton 1on,

or a pulsed nitrogen laser source.

EXAMPLE 1

The following 1s a non-limiting 1llustrative example of an
embodiment of the present disclosure. This example 1s not
intended to limit the scope of any embodiment of the present
disclosure, but rather 1s intended to provide specific experi-
mental conditions and results. Theretore, one skilled 1n the
art would understand that many experimental conditions can
be modified, but it 1s intended that these modifications are
within the scope of the embodiments of the present disclo-
sure.

This example discusses the formation of T10O,_ N_ nano-
particles on the order of seconds at room temperature
employing the direct mitridation of Ti0O, nanostructures
using alkyl ammonium compounds. Photocatalytically
active T10,__N_ particles were produced, which absorb well
into the visible region (e.g., from about 350 nm to 2000 nm).
The T10,_N_ particles are (1) stable, (11) inexpensive, (i11)
have a conduction band minimum that 1s higher than the
H,/H,O couple (described above), and (1v) can absorb most
of the photons of the solar spectrum.

110, nanoparticles prepared by the controlled hydrolysis
of titanium (IV) tetraisopropoxide in water under deaerated
conditions can vary 1n size between 3 and 11 nm and forms
a nearly transparent colloidal solution, which 1s stable for
extended periods under refrigeration. Extended exposure to
air at room temperature or controlled heating at 50° C.
produces a mild agglomeration of the T10, nanoparticles and
results in the formation of a virtually opaque gel. Both the
initial T1O, nanoparticle colloidal solution and the agglom-
crated gel solution are treated with an excess of triethy-
lamine. The mixture 1s mixed with a Teflon®-coated mag-
netic stirrer (or by shaking) in a small closed glass container.
A reaction 1s found to take place readily between the Ti0,

nanoparticle colloidal solution and the triethylamine, which
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appears to be complete within several seconds following
heat release and the formation of a yellowish, partially
opaque, mixture. Upon drying and exposure to a vacuum of
5x107~ Torr for several hours, the treated, initially transpar-
ent, nanoparticle solution forms deep vyellow crystallites
whose transmission electron micrograph (TEM), high reso-
lution (HR) TEM, and eclectron diffraction patterns are
illustrated 1 FIGS. 1A and 1B. The treated, partially
agglomerated, nanoparticle gel 1s found to form orange to
orange-red crystallites. XRD and HR TEMs demonstrate
that both the treated nanoparticle structures correspond
dominantly to the anatase crystalline form of T10,_ N _, as do
the original T1O, nanoparticle crystallites.

FIG. 2 compares (a) the optical reflectance spectrum for
Degussa P235™ T10, (reported at an average size of 30 nm),
onsetting sharply at about 380 nm; (b) the reflectance
spectrum for Ti10,_ N_ nanoparticles (3-11 nm), rising
sharply at 450 nm; and (c) the corresponding spectrum for
T10, N_ partially agglomerated nanoparticles, rising
sharply at 550 nm.

In addition, PdC1, was introduced 1nto another nitriding
amine- 110, mixture. The corresponding transmission elec-
tron micrograph and photoelectron spectra obtained for
T10,_ N_ nanoparticles (3-11 nm) with palladium incorpo-
ration (about 1 pg added to the nitriding solution), demon-
strated not only the eflects of an increased nitrogen uptake
but also the impregnation of the TiO, N_ structure with
reduced Pd nanostructures (110, N _[Pd]). Furthermore, 1t
was observed that the T1O,__N_anatase crystal structure was
also converted to alternate crystal phase forms (possibly the
octahedrite form) for some of the TiO, N_ nanoparticles.
The Ti10O,_N _[Pd] agglomerated nanoparticles, which are
brown-black 1n color, absorb radiation at wavelengths 1n the
range of about 450 nm to 2000 nm.

In contrast to the nanoparticle activity, no measurable
reaction or heat release 1s observed as either distinct rutile or
anatase 110, micropowders are treated directly with an
excess of triethylamine. The treatment of DeGussa P25™
“nanopowders” (mean distribution of about 30 nm) results 1n
a much slower reactive process, over several hours, which
appears to decant the smaller nanoparticles from the mate-
rial. The treatment forms a pale brown crystalline form,
which yields a complex reflectance spectrum. The TiO,
nanoparticle solutions also interact strongly with hydrazine
and to a lesser extent with an ammonium hydroxide (INH,)
solution. However, the reaction with triethylamine 1s found
to be facile at room temperature, leading to nitrogen 1ncor-
poration 1nto the T10, lattice to form T10,_N_nanoparticles
when the direct nmitridation process i1s carried out at a
nanometer scale.

The infrared spectra depicted i FIG. 3 demonstrate
another aspect of the nitridation process. Specifically, there
1s no evidence for hydrocarbon incorporation in the final
doped Ti0O, product. The IR spectrum shown 1n FIG. 3(a)
corresponds to that for the trnialkylamine, demonstrating,
among other features, the clear alkyl C—H stretch region. In
contrast, the IR spectrum shown 1n FIG. 3(b), corresponding
to the yellow TiO, N_ nanocrystallites (vielding a reflec-
tance spectrum of about 450 nm) pressed 1into a KBr pellet,
shows virtually no infrared spectra especially in the C—H
stretch region. This indicates virtually no residual organic
incorporation after the air and vacuum drying processes
have been performed on the nitrided TiO., nanoparticles.
This observation 1s consistent both with photoelectron
(XPS) and X-ray diffraction (XRD) studies.

XPS studies detect the presence of nitrogen not only at the
surface, but also incorporated into the T1O,_ N _nanoparticle

2-x+ "X




US 7,285,188 B2

15

agglomerates over a range from about 2.5 to 5.1 atomic %
and increasing from about 7.5 to 17.1 atomic % for the Pd
treated samples. XPS spectra for 11O and TiO, N, are
compared 1n FIG. 4. The nitrogen concentrations indicated
above should be compared to less than 1 atomic % for a
virgin 110, powder. The XRD data taken for T10, (FIG. SA)
and the nitrided partially agglomerated Ti0, gel solution
(FIG. 5B) show the eflects of a clear expansion of the “a”
lattice parameter, due presumably to nitrogen incorporation.
XRD 1s a sensitive tool for determining whether the nitrogen
dopants are actually incorporated on interstitial lattice sites
of the T10, particles or are merely adsorbed at the surface.
Nitrogen doping was found to lead to a measurable increase
of the interplanar spacings in the agglomerated TiO, par-
ticles and peak broadening, which can be attributed to the
strain fields of interstitially dissolved nitrogen atoms and
also the breaking at the Ti0, lattice structure. The analysis
of the XRD patterns demonstrates the presence of a domi-
nant anatase phase 1n both the untreated 110, nanoparticles
and the doped samples (Table 1 below) for either the nitrided
T10,, nanoparticles (3-11 nm) or partially agglomerated T10,
nanoparticle samples. In this case no evidence for any
degree of conversion from the anatase to the rutile structure

was found.

TABLE 1
A, C,
Sample Phase a, (A)  standard c(A) standard
None Rutile 4.5986 0006  2.9634 0006
Processed Anatase 3.7862 0004 95070 0011
T10,
Orange TiC > 2 Anatase 3.7942  00.32 9.4676 0075

However, the XRD pattern, observed for the nitrided 110,
nanoparticles (3-11 nm) treated with palladium 1s broad and
complex and demonstrates not only the formation of the Pd
crystallites but also an apparent conversion from the anatase
structure to an alternate phase, which may be, 1n part, the
analog of the tetragonal octahedrite structure of Ti10,. The
TEM micrographs of FIGS. 6 A and 6B demonstrate both the
impregnation of the TiO, N_ structure with smaller
“reduced” palladium nanoparticles, as well as the formation
of a significant additional alternate structure. The Pd treated
samples appear black in color, indicating that they absorb

well mto the near infrared region.

Photocatalytic activity was evaluated by measuring the
decomposition of methylene blue at 390 and 540 nm,
respectively, using a Clark MXR™ 2001 femtosecond laser
producing a 1 khz pulse train of 120 femtosecond pulses.
The laser output was used to pump either an optical para-
metric amplifier to obtain tunable wavelengths 1n the visible
spectrum including 540 nm or a second harmonic generation
crystal to produce 390 nm.

FIG. 7A 1illustrates the photodegradation observed at 390
nm for methylene blue in water at ph 7. The data for the
nitrided 110, nanoparticle samples, as well as the palladium
treated 110, nanoparticles referred to above, are consistent
with a notably enhanced activity for the T1O,_ N_ nanopar-
ticle constituencies at 390 nm. FIG. 7B illustrates the
photodegradation observed at 540 nm in which the partially
agglomerated nitrided Ti0,_N_ and palladium treated Ti10,
nanoparticle samples still display a notable activity, whereas
the activity for T10, nanoparticle 1s considerably muted. In
contrast, at wavelengths below 350 nm, the activity of both
the TiO, nanoparticles and nitrided TiO, nanoparticle

samples 1s comparable. Thus, nitrided T10,__N_nanoparticle
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samples, which can be generated 1n several seconds at room
temperature, are catalytically active at considerably longer
wavelengths than T10, nanoparticles.

These results demonstrate that by forming and adjusting,
an 1mitial T10, nanoparticle size distribution and mode of
nanoparticle treatment, 1t 1s possible to tune and extend the
absorption of a doped T10,_N_sample well 1nto the visible
region. Further, these results indicate that an 1mportant
modification of a Ti0O, photocalalyst can be made consid-
erably simpler and more eflicient by extension to the nanom-
eter regime. The current process can produce submicrometer
agglomerates of a desired visible light-absorbing T10,_ N_
nanoparticle via a room temperature procedure, which oth-
erwise 1s highly ineflicient, 1f not inoperative, at the micron

scale.

EXAMPLE 2

The following 1s a non-limiting illustrative example of an
embodiment of the present disclosure. This example 1s not
intended to limit the scope of any embodiment of the present
disclosure, but rather 1s intended to provide specific experi-
mental conditions and results. Therefore, one skilled in the
art would understand that many experimental conditions can
be modified, but it 1s intended that these modifications are
within the scope of the embodiments of the present disclo-
sure.

This example discusses the formation of ZrO,_ N_ nano-
particles at room temperature employing the direct nitrida-
tion of ZrO, nanostructures using alkyl ammonium com-
pounds. An excess volume of triethyl amine was added to a
powder of zirconium dioxide (ZrO,) nanoparticles, and this
mixture was subsequently treated with PdCl,. The mixture
was mixed with a Teflon®-coated magnetic stirrer (or
shaken) 1n a small closed glass container. A reaction was
found to take place readily between the ZrO, powder/
nanoparticles and the triethylamine and appears to quickly
complete following heat release and the formation of a
yellowish, partially opaque, mixture. Upon drying and expo-
sure to a vacuum of 5x107 Torr for several hours, the
treated, mitially white, collodial, nanoparticle solution forms
pale yellow crystallites. The change in color appears to
indicate that nitrogen incorporation into the ZrO, powder
has occurred to form ZrO., N_ nanostructures.

2-x7"'x

EXAMPLE 3

The following 1s a non-limiting illustrative example of an
embodiment of the present disclosure. This example 1s not
intended to limit the scope of any embodiment of the present
disclosure, but rather 1s intended to provide specific experi-
mental conditions and results. Therefore, one skilled in the
art would understand that many experimental conditions can
be modified, but it 1s intended that these modifications are
within the scope of the embodiments of the present disclo-
sure.

The T10O, nanoparticle crystallites and the TiO,__ N _, nano-
particle crystallites are formed in a manner as described
above. Each of the Ti0O, nanoparticle crystallites and the
T10,_N_, nanoparticle crystallites have been treated with

2-x+ 'x

Co** and Ni** hexahydrates. In particular, the Co hexahy-
drates include cobalt chloride hexahydrate (also referred to
as CoCl,) and cobalt nitrate hexahydrate (also referred to as
Co(NO,),), and the N1 hexahydrate 1s nickel chlonde
hexahydrate (also referred to as Ni1(Cl,).

In general, the 110, nanoparticle crystallites are mixed
with the hexahydrate at room temperature (about 25° C.).
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The T10O, nanoparticle crystallites are originally 1n the ana-
tase form, but are converted upon interaction with the
hexahydrate to the rutile form 1n less than about five minutes
while still at about room temperature. This conversion from
anatase to rutile form 1s unexpected because such a stoichio-

metric conversion typically occurs at temperatures of the
order of 850° C. after 12 hours.

In general, the TiO, N

,_.IN_, nanoparticle crystallites are
mixed with the hexahydrate at room temperature (about 235°
C.). The T10O, nanoparticle crystallites are originally 1n the
anatase form, but are converted in the reaction with the
hexahydrate to the rutile form upon exposure to laser light
at a typical energy of about 120-150 mW 1n a laser spot of
about 1 um size 1n less than about five minutes while still at
about room temperature (less the short exposure to the laser
light). This conversion from anatase to rutile 1s unexpected
because such conversions generally occur at temperatures
approachung 850° C. for 12 hour exposures.

The T10, nanocolloids, nitridized TiO, nanocolloids sub-
sequently Co doped, were examined by Raman spectros-
copy. The u Raman system that was used included a Mitu-
toyo Microscope and a SPEX 'Trniplemate spectrometer
equipped with a CCD. The 514.5 nm line of an Ar 10n laser
was used as the excitation source. The microscope had 10x,
50x and 100x objectives for focusing the laser light and was
coupled to the spectrometer through a fiber optic bundle.
The light from the microscope was filtered by a 514.5 nm
notch filter. The positions of the Raman lines 1n a given
spectrum were calibrated against the 546.0 nm emission line
from a fluorescent light source.

FIGS. 8A and 8B illustrate examples of the Raman
spectrum of untreated as well as triethylamine-treated T10,
nanostructured powders. The results indicate that the
untreated T10, nanopowder includes only the anatase crystal
structure, as identified by the three Raman lines near 400
cm™ ', 515 cm™! and 635 cm™', shown in FIG. 8A. The
Raman spectrum for a triethylamine-treated 110, nanocol-
loid 1s shown 1n FIG. 8B. After nitridation, the nanocolloid
remained anatase, but an additional feature appears near 550
cm™'. This feature has been attributed to the presence of the
non-stoichiometric titanium oxynitride. A background lumi-
nescence 1s also present in the nitridized sample and thus it
1s also included 1n the fit, as shown in FIG. 8B.

The Raman spectra of the CoCl, treated Ti0O, nano-

colloid, for various 1nitial Co concentrations, are shown in

FIG. 9A, and the Raman spectra for Co(NO,),-treated T10,,
are shown 1n FIG. 9B. Note that for the CoCl, treated
samples, the Raman signal intensity drops as a function of
increasing Co content. In the case of Co(NO,), treated

samples, however, the opposite 1s true, and the Raman signal
strength, which 1s laser-induced, increases with increasing

Co content.

Similar results can also be seen in the case of Co(Cl,
doping of the nitrided T10,, nanocolloid, T10O,_N_, as shown
in FIG. 10. The Raman signal strength 1n this case decreases
with decreasing Co concentration, which 1s similar to the
results noted for Co(NO,), treated T10.,, but 1t 1s opposite to

the behavior of the Co(Cl), treated T10, nanocolloid.

Another interesting result 1s that although the 1mitial T10,
and T10O,_ N_ nanocolloids are exclusively of the anatase
crystal structure, (shown 1n FIGS. 8A and 8B), the Co doped
material has transformed almost completely, exhibiting the
more stable rutile structure (vibrations near 235 cm™', 440
cm™', and 605 cm™") depicted in black in FIG. 11. In this
figure, the initial T1iO,_ N_ nanocolloid structure, which 1s

anatase, 1s plotted along with the Raman spectrum.
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It should be noted that this structural transformation 1s not
umque to doping with Co. In fact, a similar structural change
has also been noted 1n N1 doped (Ni1Cl,) T10, nanocolloids,
as demonstrated in FIG. 12. In this case, the crystal structure,
as determined from the Raman spectrum, also corresponds
at least 1n part to the rutile phase, although additional phase
transformations are 1ndicated.

In addition to the characteristic rutile Raman lines evident
in the Co—T10,, there are several more Raman lines that are

not characteristic of the rutile or the anatase phase of T10,.
These can be seen 1n FIGS. 8A, 8B, 9A, and 9B and in FIG.
13, which 1s the Raman spectrum of a TiO,—Co(NO,),
nanocolloid. In this case, the lines at 388 cm™" and 690 cm™
do not correspond to a structural phase of T10,,. However, 1t
has been reported previously that the vibrations of spinel
(Co,0,), with which are associated it’s tetrahedaral Co*”
sites, result in a 383 cm™" line, while the Alg phonon mode
of spinel has been reported at 691 cm™". It is thus suggested
that these phonon modes result from CoO sites 1n the 110,
lattice that are similar to those sites 1n Co;,0,, most likely
formed during the solution and laser treatments of the T10O,
and TiO,_N_ nanocolloids. The vibrations at 388 cm™" and
690 cm™' have been assigned to a cobalt oxide site similar
to that in Co,0.,,.

It should be emphasized that the above-described embodi-
ments of the present disclosure, particularly, any “preterred”
embodiments, are merely possible examples of implemen-
tations, merely set forth for a clear understanding of the
principles of the disclosure. Many vanations and modifica-
tions may be made to the above-described embodiment(s) of
the disclosure without departing substantially from the spirit
and principles of the disclosure. All such modifications and
variations are intended to be included heremn within the
scope of this disclosure and the present disclosure and
protected by the following claims.

The mnvention claimed 1s:
1. A method of transforming from one crystal structure to
another crystal structure, comprising:
providing a T10, nanocolloid that has an anatase crystal
structure;
mixing the Ti10, nanocolloid with a metal hexahydrate
compound at a temperature of less than about 600° C.,
wherein the metal hexahydrate compound 1s selected
from a group consisting of: a cobalt chloride hexahy-
drate compound, a cobalt nitrate hexahydrate com-
pound, and a nickel chlonide hexahydrate compound;
and
transforming the anatase crystal structure to a rutile
crystal structure in less than 60 minutes and at a
temperature of less than about 600° C.
2. A method of transforming from one crystal structure to
another crystal structure, comprising;:
providing a T10, nanocolloid that has an anatase crystal
structure;
mixing the T10, nanocolloid with a metal hydrate com-
pound at a temperature of about 20 to 30° C.; and
transforming the anatase crystal structure to a rutile
crystal structure in less than 5 minutes and at a tem-
perature ol about 20 to 30° C.
3. The method of claim 2, wherein the metal hydrate
compound comprises a transition metal hydrate compound.
4. The method of claim 2, wherein the metal hydrate
compound comprises a magnetic transition metal hydrate
compound.
5. The method of claim 2, wherein the metal hydrate
compound comprises a cobalt hexahydrate compound.
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6. The method of claim 5, wherein the cobalt hexahydrate
compound 1s a cobalt chloride hexahydrate compound.

7. The method of claim 2, wherein the metal hydrate
compound comprises a nickel hexahydrate compound.

8. The method of claim 7, wherein the nickel hexahydrate
compound comprises a nickel chloride hexahydrate com-
pound.

9. The method of claim 2, wherein transforming occurs at
about 25° C.

10. The method of claim 2, further comprising forming a
T10, nanocolloid/metal complex, wherein the Ti10, nano-
colloid/metal complex 1s a T10, nanocolloid/Co complex,
wherein Co replaces at least one 11 in the rutile crystal
structure.

11. The method of claim 2, wherein the metal hydrate
compound comprises a transition metal chloride hexahy-
drate compound.

12. A method of transforming from one crystal structure
to another crystal structure, comprising;:

providing a TiO,_ N_ nanocolloid that has an anatase

crystal structure, wherein x 1s about 0.005 to 0.25;

mixing the Ti10,_ N_ nanocolloid with a metal hexahy-
drate compound at a temperature of less than about
600° C., wherein the metal hexahydrate compound 1s
selected from a group consisting of: a cobalt chloride
hexahydrate compound, a cobalt nitrate hexahydrate
compound, and a mickel chloride hexahydrate com-
pound;

irradiating the interaction of the mixture of the T1O, IN_
nanocolloid and the metal hexahydrate compound with

a laser energy of greater than 120 mW; and
transforming the anatase crystal structure to a rutile

crystal structure.
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13. A method of transforming from one crystal structure
to another crystal structure, comprising:
providing a TiO,_ N_ nanocolloid that has an anatase

crystal structure, wherein x 1s about 0.005 to 0.23;
mixing the Ti0O,_ N_ nanocolloid with a metal hydrate

compound at a temperature of about 20 to 30° C.; and
irradiating the interaction of the mixture of TiO, N_

nanocolloid and the metal hydrate compound with a
laser energy of greater than 120 mW; and

transforming the anatase crystal structure to a rutile
crystal structure.

14. The method of claim 13, wherein the metal hydrate
compound comprises a transition metal hydrate compound.

15. The method of claim 14, wherein the metal hydrate
compound 1s selected from a transition metal chlonde
hydrate compound and a transition metal nitrate hydrate
compound.

16. The method of claim 13, wherein the metal hydrate
compound comprises a magnetic transition metal hydrate
compound.

17. The method of claim 16, wherein the metal hydrate
compound 1s selected from a magnetic transition metal
chloride hydrate compound and a magnetic transition metal
nitrate hydrate compound.

18. The method of claim 13, wherein the metal hydrate
compound comprises a cobalt hexahydrate compound.

19. The method of claim 18, wherein the cobalt hexahy-
drate compound 1s selected from cobalt chloride hexahy-
drate compound and cobalt mitrate hexahydrate compound.

20. The method of claim 13, wherein transforming occurs
at about 25° C.
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